Abstract Mitochondrial DNA mutations are an important cause of human disease for which there is no effective treatment. Myoclonic epilepsy with ragged-red fibers (MERRF) is a mitochondrial disease usually caused by point mutations in transfer RNA genes encoded by mitochondrial DNA. The most common mutation associated with MERRF syndrome, m.8344A>G in the gene MT-TK, which encodes transfer RNA Lysine , affects the translation of all mitochondrial DNA encoded proteins. This impairs the assembly of the electron transport chain complexes leading to decreased mitochondrial respiratory function. Here we report on how this mutation affects mitochondrial function in primary fibroblast cultures established from patients harboring the A8344G mutation. Coenzyme Q 10 (CoQ) levels, as well as mitochondrial respiratory chain activity, and mitochondrial protein expression levels were significantly decreased in MERRF fibroblasts. Mitotracker staining and imaging analysis of individual mitochondria indicated the presence of small, rounded, depolarized mitochondria in MERRF fibroblasts. Mitochondrial dysfunction was associated with increased oxidative stress and increased degradation of impaired mitochondria by mitophagy. Transmitochondrial cybrids harboring the A8344G mutation also showed CoQ deficiency, mitochondrial dysfunction, and increased mitophagy activity. All these abnormalities in patient-derived fibroblasts and cybrids were partially restored by CoQ supplementation, indicating that these cell culture models may be suitable for screening and validation of novel drug candidates for MERRF disease.
Introduction
Mutations in mitochondrial DNA (mtDNA) cause a number of rare human diseases that affect muscle and neural tissues in particular [1] . These mutations are often heteroplasmic (i.e., the affected individual harbors both mutant and wild type mtDNA), and the severity of the disease depends on the relative proportion of the mutant species. Myoclonic epilepsy with ragged red fibers (MERRF) syndrome is a rare, maternally inherited, multi-systemic mitochondrial disorder characterized by myoclonus, epilepsy, weakness, ataxia, and ragged-red fibers in the muscle [2] . Additional clinical manifestations can include short stature, hearing loss, pigmentary retinopathy, optic atrophy, dementia, peripheral neuropathy, cardiomyopathy, or renal tubular dysfunction [3, 4] . Lactate and pyruvate are commonly elevated in serum at rest and increase excessively after moderate physical activities [5] . The m.8344A>G mutation in the mtDNA gene MT-TK, which encodes mitochondrial transfer (t)RNA Lysine is the most common mutation asso< ciated with MERRF syndrome, although other mutations in tRNA Lysine or genes encoding different tRNAs have been identified in MERRF patients [6, 7] . The m.8344A>G mutation, which is localized in the T-arm of the tRNA, is one of the most studied and prevalent pathological mtDNA mutations [8] . It has been reported to cause poor aminoacylation of the mutant tRNA [9] , hypomodification of its anti-codon wobble-position [10] , and premature termination of translation at some lysine codons [9] . All these alterations result in decreased activities of respiratory chain complexes I and IV, low respiration rate and decreased mitochondrial membrane potential [11, 12] .
High cellular levels of the m.8344A>G mutation are correlated with decreased protein synthesis, decreased oxygen consumption, and cytochrome c oxidase deficiency [13] , and larger or lysine rich polypeptides are more severely affected, suggesting that the MERRF mutation directly inhibits mitochondrial protein synthesis [14] . Furthermore, oxidative stress and oxidative damage in afected tissues, elicited by the respiratory chain deficiency, plays a crucial role in the pathogenesis and progression of MERRF disease [15] . The relationship between mtDNA mutations and cellular damage, as well as the activation of compensatory mechanisms to promote cell survival, are poorly understood. Treatments for mitochondrial diseases in general are largely inadequate [16] . As with many mitochondrial diseases, there is no cure for MERRF, and treatment is primarily symptomatic. Coenzyme Q 10 (CoQ) has been used in therapy with the hope of improving mitochondrial function, although there is no definitive evidence of the efficacy of this treatment.
In this work, we performed experiments in primary fibroblast cultures derived from a MERRF patient and within a transmitocondrial hybrid (cybrid) clone containing the m.8344A>G mutation in a controlled nuclear background; this was done to determine how mtDNA mutations affect mitochondria and the mechanisms activated to eliminate the dysfunctional mitochondria. In addition, we studied the effects of CoQ supplementation on the various pathophysiological changes in the various cell cultures.
Material and Methods

Reagents
Monoclonal Anti-Actin antibody, rabbit anti-VDAC1/Porin, and rabbit anti-BECLIN1 were all obtained from SigmaAldrich (St. Louis, MO). Monoclonal antibodies against complex III (core 1 subunit) and complex II (30 KDa subunit I), Mitosox Red, CMH 2 -DCFDA, 10-N-nonyl acridine orange (NAO), MitoTracker, LysoTracker, TO-PRO-3, and Hoechst 3342 were obtained from Invitrogen/Molecular Probes (Eugene, OR). Anti-cytochrome c antibody was obtained from BD Biosciences Pharmingen (San Jose, CA) and anti-GAPDH monoclonal antibody (clone 6 C5) was from CalbiochemMerck Chemicals Ltd. (Nottingham, UK). Anti-hATG12 and anti-hATG5 were obtained from Biosensis (South Australia, Australia). Anti-MAP LC3 (N-20), anti-catalase (H-300), anti-PDI (H-160), anti-Golgi marker (AE-6), and antiCathepsin D were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Protease inhibitors were obtained from Boehringer Mannheim (Indianapolis, IN). All other chemicals were purchased from Sigma-Aldrich.
Fibroblasts and Cybrids Cultures
Cultured fibroblasts, harboring a heteroplasmic m.8344A>G mutation (57%) were derived from a MERRF patient (MERRF-1). We also used 2 more fibroblasts cell lines (i.e., MERRF-2 and MERRF-3), with mutation levels of 35% and 8%, respectively. Control primary fibroblasts were obtained from healthy volunteers. Samples from patients and controls were obtained according to the Helsinki Declarations of 1964, as revised in 2001. This study has been approved by the institutional ethical committee. Control and MERRF fibroblasts were cultured at 37°C in Dulbecco's Modified Eagle Medium (DMEM) (4.5 g/L glucose), plus pyruvate supplemented with 20% fetal bovine serum (FBS), and an antibiotic/ anti-mycotic solution.
Cybrid clones were prepared by fusing enucleated fibroblasts from patients or controls with 143B osteosarcoma cells, which lack mitochondrial DNA (rho 0 cells), as described by King and Attardi [17] . Cybrid cells harboring the A8344G mutation (99% of the total copy number) were cultured in Dulbecco's Modified Eagle Medium (4.5 g/L glucose) supplemented with 5% FBS, sodium pyruvate (100 μg/ml), uridine (50 μg/ml), penicillin (100 IU/ml), and streptomycin (100 μg/ml).
CoQ Treatment of Cell Lines
Unless otherwise stated, CoQ (in FBS) was added to cultures for 72 h at a final concentration of 100 μM.
Proliferation Rate
Two hundred thousand cells were cultured with or without 100 μM CoQ for 72 h. Cell counting was performed from 10 high power fields using an inverted microscope and a 40× objective.
Mitochondrial Respiratory Chain Enzyme Activities and CoQ Levels
Activities of NADH: cytochrome c reductase (complexes I+III) and citrate synthase were determined spectrophotometrically in sonicated, permeabilized fibroblasts using previously described methods [16, 18] . Results are expressed as units/citrate synthase (mean±SD). Protein content was determined by the Lowry procedure [19] . CoQ levels in cultured fibroblasts and cybrids were measured as previously described [20] .
Adenosine-5'-Triphosphate Levels
Adenosine-5'-triphosphate (ATP) levels were determined using a bioluminescence assay (ATP determination kit, InvitrogenMolecular Probes, Eugene, OR).
Immunofluorescence Microscopy
Immunofluorescence microscopy was performed using SD methods as previously described [20] . Cover slips were analyzed using a fluorescence microscope (Leica DMRE, Leica Microsystems GmbH, Wetzlar, Germany). Deconvolution studies and 3-dimensional projections were performed using a DeltaVision system (Applied Precision, Issaquah, WA) with an Olympus IX-71 microscope. The deconvolved images were derived from optical sections taken at 30-nm intervals using a 60× PLAPON objective with a 1.42 numerical aperture.
Measurement of Mitochondrial Reactive Oxygen Species (ROS) Generation
Mitochondrial ROS generation was assessed using the mitochondrial superoxide indicator MitoSOX Red, according to the manufacturer's instructions. ROS levels were expressed relative to mitochondrial mass (ROS signal/NAO signal), determined by flow cytometry and fluorescence microscopy of cells stained with 10 μM NAO for 10 minutes at 37°C in the dark.
Measurement of Intracellular H 2 O 2 Content
H 2 O 2 levels were measured using nonfluorescent CMH 2 -DCFDA (5-[and-6]-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester), which diffuses across membranes and is oxidized to fluorescent dichlorofluorescein (DCF). Cultured cells were rinsed in phosphate-buffered saline (PBS), incubated with CMH 2 -DCFDA diluted in medium at 5 μM for 30 minutes at 37°C. After that, cells were washed, trypsinized, and re-suspended in pre-warmed PBS at 37°C. Cells were then analyzed by flow cytometry.
Lipid Peroxidation
Fibroblasts were cultured on cover slips and incubated with 1 μM C11-Bodipy (BODIPY 581/591 C11, Invitrogen/Molecular Probes, Eugene, OR) for 30 minutes at 37°C. Coverslips were then rinsed with PBS and examined by fluorescence microscopy. Fluorescent intensity was measured using Image J software. 
Immunoblotting
Western blotting was performed using a standard protocol [20] and the Immun Star HRP detection kit (Bio-Rad Laboratories Inc., Hercules, CA).
Quantification of ß-Galactosidase ß-Galactosidase was stained using a previously reported protocol [21] and quantified using ImageJ software (see: http://rsb.info.nih.gov/ij/download.html).
Loading of LysoTracker Red
LysoTracker Red (100 nM) was added to cultured fibroblasts for 30 minutes each, well was washed twice with fresh DMEM, and then the cells were fixed with 2% paraformaldehyde in PBS for 10 minutes at 4°C. LysoTracker fluorescence was quantified by flow cytometry.
Real-Time Quantitative Polymerase Chain Reaction of Autophagy Genes
The expression of ATG12, MAP1LC3, and BECLIN1 was analyzed by SYBR Green quantitative polymerase chain reaction using gene specific primers (see supporting information in Table 1 ) in RNA isolated from fibroblasts. β-actin was used as a housekeeping control gene.
Statistical Analysis
All results are expressed as mean±SD of 3 independent experiments. The measurements were statistically analyzed using the Student'st test for comparing 2 groups and analysis of variance for more than 2 groups. The level of significance was set at p<0.05.
Results
Effect of CoQ Supplementation on Mitochondrial Dysfunction in MERRF Fibroblasts
CoQ is a key component of the mitochondrial respiratory chain, transferring reducing equivalents from complexes I and II to complex III, and secondary CoQ deficiency was recently identified in mitochondrial diseases [22] . Therefore, we assessed whether fibroblasts harboring the m.8344A>G mutation were deficient in CoQ. The CoQ content of MERRF fibroblasts was reduced to 46% of the average control value (Fig. 1A) . Furthermore, patient fibroblasts showed a significant, 46% reduction in the combined activity of complexes I+III (Fig. 1B) . This activity was increased to near normal values in MERRF cells following 100 μM CoQ supplementation (Fig. 1B) .
To determine whether the observed mitochondrial dysfunction had an effect on cellular bioenergetics, we measured intracellular ATP levels in control and MERRF fibroblasts. ATP levels were reduced to 50% of the control value in MERRF fibroblasts (Fig. 1C) . CoQ supplementation (100 μM) resulted in a significant increase in cellular ATP levels in MERRF fibroblasts, but was without effect in control cells (Fig. 1C) . Next we determined the effect of the m.8344A>G mutation on cellular proliferation: MERRF fibroblasts showed a reduced proliferation rate compared to control fibroblasts (Fig. 1D) . The proliferation rate was increased to near normal values in MERRF cells following 100 μM CoQ supplementation (Fig. 1D ).
Mitochondrial Membrane Potential (ΔΨ m )
To further assess the functional consequences of reduced respiratory chain enzyme activities and CoQ levels in MERRF fibroblasts, we determined ΔΨ m in fibroblast cultures using MitoTracker Red, a mitochondrion selective dye, which is concentrated by active mitochondria in a membrane potentialdependent manner. Staining and imaging analysis revealed discrete staining of mitochondria in control cells, with the mitochondria organized in a tubular network, whereas in the MERRF fibroblasts, diffuse staining was observed throughout the cytoplasm, indicating reduced mitochondrial uptake of MitoTracker Red, and the mitochondrial network was fragmented, with small, rounded mitochondria apparent throughout the cytoplasm (Fig. 2A, B) . The mitotracker staining colocalized with staining for cytochrome c, a mitochondrial marker, ( Fig. 2A) confirming the specificity of MitoTracker staining and verifying that mitochondrial depolarization in MERRF fibroblasts was not a result of cytochrome c release, as occurs in apoptosis [23] . Supplementation with 100 μM CoQ restored normal mitochondrial morphology and uptake of MitoTracker Red in MERRF fibroblasts, indicating restoration of the mitochondrial membrane potential ( Fig. 2A, B) .
Effect of CoQ on Mitochondrial ROS Production in MERRF Fibroblasts
As it is well established that CoQ deficiency and mitochondrial dysfunction is associated with increased mitochondrial ROS production; we examined ROS and H2O2 levels in control and MERRF fibroblasts using the mitochondrial superoxide indicator, MitoSOX Red. At the same time, we estimated mitochondrial mass with NAO, and determined the ratio of MitoSOX signal to NAO fluorescence. ROS production was increased approximately 2.5-fold in MERRF fibroblasts ( Fig. 3A) . The inclusion of 100 μM CoQ in the culture medium caused a considerable reduction in ROS levels in MERRF cultures, but had no effect in control cultures (Fig. 3A) . Then we examined lipid peroxidation as a marker of oxidative stress-induced membrane damage in control and MERRF fibroblasts. The ratio of oxidized to reduced lipids was significantly increased in MERRF fibroblasts compared to controls (Fig. 3B) , suggesting oxidative stress damage, but this was partially prevented by treatment with 100 μM CoQ (Fig. 3B) .
Mitochondrial Degradation in MERRF Fibroblasts
Recent evidence suggests the involvement of ROS in autophagy [24] . To determine if autophagy is increased in MERRF fibroblasts, first we analyzed the expression of the genes ATG12, BECLIN1, and LC3, which encode proteins involved in autophagy. Compared to control fibroblast cultures, the expression of all 3 of these genes was significantly increased in MERRF fibroblasts, with a 13-fold increase in ATG12, a 14-fold increase in BECLIN1, and a 22-fold increase in LC3 expression in MERRF fibroblasts (Fig. 4A) . Addition of 100 μM CoQ to the culture medium resulted in a decrease in the expression of these genes in MERRF cells, but had no effect in control cells (Fig. 4A) . The amount of BECLIN1 protein was also increased in MERRF cells when compared to control cells (Fig. 4B, C) . CoQ supplementation (100 μM) resulted in a decrease in the amount of this protein in both control and MERRF cells (Fig. 4A, B) . We also investigated the conversion of LC3-I (microtubule-associated light chain 3) to LC3-II, as the amount of the latter is closely correlated with the number of autophagosomes. The ratio of LC3-II to LC3-1 was significantly increased in MERRF fibroblasts (Fig. 4B, C) , indicating enhanced autophagosome formation in MERRF cells. Supplementation of the culture medium with 100 μM CoQ resulted in a significant decrease in the relative amount of LC3-II in MERRF cultures, but it was without an effect in the control cells. As autophagosome formation involves an ubiquitin-like conjugation system in which Atg12 is covalently bound to Atg5, we also measured the amount of ATG12-ATG5 conjugate. The amount of ATG12-ATG5 was significantly increased in MERRF fibroblasts, but decreased to control levels with 100 μM CoQ supplementation (Fig. 4B, C) . The amount of actin, used as a reference protein, was similar in all cultures (Fig. 4B, C) .
Lysosomal Markers in MERRF Fibroblasts
To further verify that autophagy was activated in MERRF fibroblasts, we measured the expression of the lysosomal indicators β-galactosidase and cathepsin D, and quantified the amount of acidic vacuoles. The amount of β-galactosidase was approximately twofold higher in MERRF fibroblast cultures than in controls (Fig. 5A, B) . Addition of 100 μM CoQ to the culture medium resulted in a significant reduction in the level of β-galactosidase in MERRF fibroblasts, but had no effect on the amount of β-galactosidase in control cells (Fig. 5A, B) .
We used LysoTracker staining and confocal microscopy to estimate the number of lysosomes. The intensity of LysoTracker staining was significantly higher in MERRF fibroblasts than in controls (Fig. 5C, D) . To elucidate whether autophagy in MERRF fibroblasts could be attenuated by improving mitochondrial function via CoQ supplementation, we quantified the number of lysosomes in the various cultures following 100 μM CoQ supplementation. CoQ treatment was associated with a significant reduction in the intensity of LysoTracker staining in MERRF cells (Fig. 5C ), indicating that lysosomal activity was reduced following CoQ treatment. The number of lysosomes in MERRF and control cells was also compared using LysoTracker staining followed by flow cytometry analysis. Using this technique, a twofold increase in LysoTracker staining was observed in MERRF cells. CoQ supplementation resulted in a decrease in staining in MERRF fibroblasts, but was without effect in the control cells.
Cathepsin D was visualized by immunostaining. The number of cathepsin D positive cells was eightfold higher in fibroblasts from MERRF patient 1 than in control fibroblasts (Fig. 6A) . Supplementation with 100 μM CoQ led to a small decrease in cathepsin D positive cells in control cultures, and a significant twofold decrease in cathepsin D positive cells in MERRF cultures (Fig. 6A) . The increased amount of cathepsin D in MERRF fibroblasts and its reduction by CoQ treatment was confirmed by Western blotting (Fig. 6B) .
To determine whether selective mitochondrial degradation or mitophagy was increased in MERRF fibroblasts, we performed immunofluorescence double staining with antibodies to LC3 and cytochrome c (Fig. 6C, D) . LC3 staining was hardly detectable in control cells (Fig. 6C) , whereas in the MERRF fibroblasts, a few normal tubular mitochondria negative for LC3 (colocalization, r0−0.1034) were apparent, along with many small, fragmented mitochondria, which were positive for LC3 (colocalization, r00.8687) (Fig. 6C, D) . The population of small, rounded mitochondria colocalized with LC3 staining, (r00.7584), whereas the tubular mitochondria did not (r00.0253) (Fig. 6C-E) .
Mitophagy activation in MERRF fibroblasts was also confirmed by checking that the expression levels of mitochondrial proteins complex I (30 kDa subunit), complex II (30 kDa subunit), complex III (core 1 subunit), complex IV (COX II subunit), and porin were reduced and, on the contrary, Golgi (Golgi marker), endoplasmic reticulum (PDI), and peroxisome (catalase) proteins expression levels were not affected compared to controls (Fig. 7A, B) .
Effect of Coenzyme Q Supplementation on Transmitochondrial Cybrids Harboring the A8344G Mutation
To confirm that CoQ deficiency and autophagy activation was the result of the mutation in mtDNA and not the product of a concomitant nuclear gene defect, CoQ levels, ATP content, and cell growth were measured in a control cybrid clone and in a cybrid clone harboring the m.8344A>G mutation. The amount of CoQ and ATP were 54% and 62% lower, respectively in the MERRF cybrid clone than in the control cybrid clone (Fig. 8A, B) , and cell proliferation was also significantly reduced in the MERRF cybrid (Fig. 8C) . CoQ supplementation (100 μM) caused a significant threefold increase in ATP levels, and a twofold increase in the rate of cell proliferation in the MERRF clone, but had either no effect or minimal effect on these parameters in the control clone (Fig. 8C, D) . Conversely, mitochondrial ROS production and the number of lysosomes, were increased eightfold and twofold, respectively in the MERRF cybrid (Fig. 8D, E) , indicating oxidative stress and autophagy activation. Supplementation with 100 μM CoQ significantly decreased both ROS production and LysoTracker staining in MERRF cybrid cells, but had no effect in the control cybrid cells (Fig. 8D, E) .
To verify autophagy activation in MERRF cybrids, we examined the expression of autophagic proteins by Western blotting. The ratio LC3-II/LC3I and amount of ATG5-ATG12 were increased 2-and 1.8-fold, respectively, in the MERRF cybrid (Fig. 9A, B) . CoQ supplementation (100 μM) caused the amount of these proteins to decrease to control levels in the MERRF cybrid, but had little effect on the expression of these proteins in the control (Fig. 9A, B) . On the contrary, expression levels of complexes II, III, and IV were reduced by 3.5-, 2.2-, and 1.3-fold, respectively, in MERRF cybrids, but increased to control levels following supplementation with 100 μM CoQ (Fig. 9A, B) .
To investigate the presence of mitophagy in MERRF and control cybrids we immunolocalized LC3 and cytochrome c, markers of autophagosomes and mitochondria, respectively (Fig. 10A, B) . In control cells, cytochrome c staining revealed a tubular network of mitochondria, whereas LC3 was barely detectable. In MERRF cybrids, a few normal tubular mitochondria negative for LC3 (colocalization, r0−0.0145) were observed, along with many small, fragmented mitochondria that colocalized with LC3 (colocalization, r00.8841) (Fig. 10B, C) . After 100 μM CoQ supplementation, immunostaining revealed a tubular network of mitochondria, which did not colocalize with LC3 in the MERRF cybrid cells (Fig. 9A) .
Effect of Coenzyme Q Supplementation in 2 Further Fibroblast Cultures Harboring the m.8344A>G Mutation
To confirm the beneficial effects of CoQ supplementation on MERRF cellular physiology, we estimated ROS levels, H 2 O 2 content, ATP levels, and the number of lysosomes before and after 100 μM CoQ treatment in MERRF fibroblasts (MERRF-1), and two additional fibroblasts cell lines (MERRF-2 and MERRF-3) harboring the A8344G mutation. ROS levels and H 2 O 2 content were significantly increased in fibroblasts cultures established from MERRF-1, MERRF-2, and MERRF-3 patients (Fig. 11A) . The inclusion of 100 μM CoQ in the culture medium caused a considerable reduction in ROS levels and H 2 O 2 content in MERRF cultures, but it had no effect in control cultures (Fig. 11A, B) . The amount of cellular ATP was significantly reduced in MERRF-1, MERRF-2, and MERRF-3 fibroblast cultures (Fig. 11C) . Treatment with CoQ + had no effect on ATP levels in control cells, but resulted in an increase in ATP to control values in MERRF cultures (Fig. 11C) , suggesting that CoQ is effective in improving cell bioenergetics in MERRF cellular models.
The number of lysosomes was significantly increased in MERRF cell lines, with a 1.8-fold increase in LysoTracker red signal in MERRF-1, a 1.5 fold increase in MERRF-2, and a 1.2-fold increase in MERRF-3 (Fig. 11D) significantly decreased LysoTraker staining to control levels in MERRF cell lines, but only had a moderate effect in control cells (Fig. 11D) , suggesting that CoQ is effective in preventing autophagy activation in MERRF cellular models. Interestingly, oxidative stress, ATP levels, and lysosomal activity were correlated with the proportion of A8344G mutated mtDNA in MERRF fibroblasts. MERRF-1 fibroblasts with high heteroplasmy (57%) had significant higher ROS levels and lysosomal activity, and lower ATP levels than MERRF-2 fibroblasts (35% of heteroplasmy) and MERRF-3 fibroblasts (8% of heteroplasmy). 
Discussion
In this work, we studied the pathophysiology of the m.8344A>G mutation in primary cultured fibroblasts derived from patients with MERRF syndrome. The MERRF fibroblasts showed reduced expression and activity of the mitochondrial respiratory chain complexes, as has been previously reported [12] . Importantly, the amount of CoQ, an essential electron carrier of the mitochondrial respiratory chain, was also reduced in MERRF fibroblasts, and a large proportion of the mitochondrial population were depolarized, both of which may further compromise normal mitochondrial function and cellular energy Reduced ΔΨ m will also affect protein import into mitochondria, thus having a secondary effect on critical components of the mitochondrial respiratory chain, such as CoQ, whose biosynthesis depends on mitochondrial proteins encoded by the nucleus, further amplifying mitochondrial disorganization. Ten nuclear genes involved in CoQ biosynthesis have been identified in humans and disease-causing mutations, which lead to primary CoQ deficiency, have been identified in some of these genes [25] . Secondary CoQ deficiency has been identified in a wide range of diseases, including mitochondrial diseases, neurodegenerative diseases, such as Parkinson's disease, cancer, fibromyalgia, and in patients undergoing statin treatment [22, 26, 27] . Currently, primary and secondary CoQ deficiencies are the focus of some attention, due to the high prevalence of the latter, and the potential for treatment. Detection of secondary CoQ deficiency in mitochondrial diseases is of great importance because CoQ supplementation could be potentially beneficial for the patients, and there is at present, no other effective treatment option.
As well as decreased respiratory chain activity and loss of mitochondrial membrane potential, we identified mitochondrial structural abnormalities, increased ROS production, and H 2 O 2 content, increased lipid peroxidation, and increased expression of autophagic proteins in cells harboring the m. A8344A>G mutation. We observed that CoQ supplementation reversed these pathophysiological changes in MERRF fibroblasts and cybrids. CoQ is the most widely used therapeutic agent in patients with mitochondrial disease because of its well-documented role in energy metabolism. The putative beneficial effects of CoQ supplementation include: enhanced electron transport and ATP production, antioxidant, regulation of redox signaling, stabilization of the mitochondrial permeability transition pore, protecting against autophagy, and c p <0.01 between MERRF-3 and MERRF-2 fibroblasts. DCF=Dichlorofluorescein apoptotic cell loss [20, 28, 29] . Overall, reports of the efficacy of CoQ treatment in mitochondrial disorders have been mixed. Inconsistencies in clinical studies, including differences in methodology, outcome measures, dosages, duration of treatment, and drug combinations, make it difficult to formulate a clear picture of the effects of CoQ in patients with MERRF syndrome.
Increased ROS production and oxidative stress is a common consequence of mitochondrial dysfunction and CoQ deficiency [20, 29] . We identified a significant increase in ROS generation and H 2 O 2 content in MERRF fibroblasts, which could be ameliorated by CoQ treatment. It has been proposed that excessive ROS can cause the opening of nonspecific high conductance permeability transition pores (PT) in the mitochondrial inner membrane, inducing mitochondrial permeability transition [30] , and leading to the simultaneous collapse of ΔΨ m . The opening of PT pores causes mitochondria to become permeable to all solutes up to a molecular mass of approximately 1500 Da [31, 32] . Moreover, a possible involvement of the PT in the induction of autophagy of altered mitochondria has been postulated. Thus, oxidative stress may play a prominent role in the induction of the mitochondrial damage, mitochondrial permeability transition, and autophagy activation, which we observed in MERRF fibroblasts. The elimination of dysfunctional mitochondria could play a crucial role in protecting cells from the damage caused by perturbed mitochondrial function and the release of potentially proapoptotic molecules; our finding that the autophagic protein LC3 colocalized with structurally abnormal mitochondria, but not with normal tubular mitochondria in MERRF fibroblasts, suggests that mitophagy specifically targets dysfunctional mitochondria in these cells. In this regard, it has been shown that the voltage-dependent anion channel (VDAC), which is a major component of the PT pore complex on the outer mitochondrial membrane, is more susceptible to oxidative damage in MERRF cybrids than in wild-type cybrids [15] . A recent study showed that Parkin-dependent ubiquitylation of VDAC is a cardinal feature of mitophagy activation in a model of Parkinson's disease [33] .
CoQ deficiency and mitophagy activation were also demonstrated in cybrids harboring the m.8344A>G mutation, indicating that both processes arise as a consequence of this mutation, not of a concomitant nuclear mutation. In addition, CoQ treatment restored the pathophysiological alterations found in MERRF cybrids. In conclusion, our studies in cell cultures, which harbors the m.8344A>G mutation, provide robust experimental evidence that CoQ supplementation could be beneficial in the treatment of patients with MERRF.
